Large eddy simulation of hydrogen/air scramjet combustion using tabulated thermo-chemistry approach  by Cao, Changmin et al.
Chinese Journal of Aeronautics, (2015), 28(5): 1316–1327Chinese Society of Aeronautics and Astronautics
& Beihang University
Chinese Journal of Aeronautics
cja@buaa.edu.cn
www.sciencedirect.comLarge eddy simulation of hydrogen/air scramjet
combustion using tabulated thermo-chemistry
approach* Corresponding author. Tel.: +86 551 63603048.
E-mail address: thye@ustc.edu.cn (T. Ye).
Peer review under responsibility of Editorial Committee of CJA.
Production and hosting by Elsevier
http://dx.doi.org/10.1016/j.cja.2015.08.008
1000-9361  2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Cao Changmin, Ye Taohong *, Zhao MajieDepartment of Thermal Science and Energy Engineering, University of Science and Technology of China, Hefei 230027, ChinaReceived 8 November 2014; revised 15 April 2015; accepted 18 June 2015
Available online 28 August 2015KEYWORDS
Large eddy simulation
(LES);
Presumed probability density
function (PDF);
Scramjet;
Tabulated thermo-chemistry;
Turbulent combustion modelAbstract Large eddy simulations (LES) have been performed to investigate the flow and combus-
tion fields in the scramjet of the German Aerospace Center (DLR). Turbulent combustion is mod-
eled by the tabulated thermo-chemistry approach in combination with the presumed probability
density function (PDF). A b-function is used to model the distribution of the mixture fraction, while
two different PDFs, d-function (Model I) and b-function (Model II), are applied to model the
reaction progress. Temperature is obtained by solving filtered energy transport equation and the
reaction rate of the progress variable is rescaled by pressure to consider the effects of compressibil-
ity. The adaptive mesh refinement (AMR) technique is used to properly capture shock waves,
boundary layers, shear layers and flame structures. Statistical results of temperature and velocity
predicted by Model II show better accuracy than that predicted by Model I. The results of scatter
points and mixture fraction-conditional variables indicate the significant differences between Model
I and Model II. It is concluded that second moment information in the presumed PDF of the
reaction progress is very important in the simulation of supersonic combustion. It is also found that
an unstable flame with extinction and ignition develops in the shear layers of bluff body and a fuel-
rich partially premixed flame stabilizes in the central recirculation bubble.
 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Recently, scramjet has tended to be a research hotspot due to
its applicability for hypersonic propulsion (5 <Ma< 15).
The significant features in scramjet combustor are that fuel–
air mixing and combustion take place at supersonic speeds
and fuel residence time is of the order of millisecond. Also,
the flow is often accompanied with shock waves and the
interactions between shock/flame, shock/boundary layer and
shock/turbulence become very important. Because of the
Large eddy simulation of hydrogen/air scramjet combustion using tabulated thermo-chemistry approach 1317extremely complicated measurement and costly experiment,
computational fluid dynamics (CFD) has attracted increasing
attention. Besides, large eddy simulation (LES) can provide
more unsteady phenomena than Reynolds-averaged Navier–
Stokes (RANS) method, which has become a prosperous tool
for studying supersonic flows to develop an efficient, high-
performance scramjet engine.
For reacting flows, however, LES faces the same problem
as in RANS method. The reaction source terms in the species
transport equations need to be modeled because the chemical
reaction occurs mainly on the smallest scale. The implementa-
tion of an accurate combustion model for supersonic
combustion is critical, because the mixing and heat release
make the issue much more complicated in the supersonic com-
bustor. Nowadays, some low-Mach turbulent combustion
models have been extended to study the supersonic combus-
tion,1 such as partially stirred reactor (PaSR) model,2,3 linear
eddy model (LEM),4,5 assumed probability density function
(PDF) approach6,7 and tabulated thermo-chemistry approach
or laminar flamelet model.8–17 Among those models, the flame-
let model exhibits more efficiency, which decouples turbulence
and combustion by constructing thermo-chemistry tabulation
and solving several additional transport equations of scalars
that parameterize the thermo-chemistry states, instead of solv-
ing the balance equation for each chemical species. Thus, it
dramatically decreases the computational cost and allows
the use of complex chemical reaction mechanisms. The
thermo-chemistry states could be tabulated from stretched
non-premixed flames, un-stretched premixed flames or
auto-ignition (AI) process. Different prototypes of flames are
chosen to cover different combustion regimes. Laminar flame-
let models based on mixture fraction and reaction progress
variable, such as flamelet/progress variable (FPV) approach,18–22
flame prolongation of ILDM (Intrinsic Low Dimensional Mani-
fold) (FPI) approach23 and flamelet generated manifolds (FGM)
approach24–26 have attracted much attention in recent years.
These flamelet models have been successfully used for the
simulation of low-Mach non-premixed and premixed flames.
However, when coupling those low-Mach thermo-chemistry
tabulation models into compressible supersonic flows, the
main problem is that the effects of fluid compressibility have
not been considered. For instances, the heat release and the
compressions/expansions bring about pressure variations in
supersonic combustion flows, which would have effects on
the important chemistry reactions. Then many pressure-
dependence modified methods are proposed to describe those
effects of the fluid compressibility. One method is to add the
pressure as an additional parameter to flamelet-based models
and has been applied to the simulation of Hyshot II scramjet
engine17 and a conventional compression ignition engine
cycle.27 Another method is to solve enthalpy-based flamelet
equations, in which the pressure term is included. Cook et al.28
coupled this method to CFD using the representative interactive
flamelet (RIF) approach to predict ignition in homogeneous-
charge compression ignition (HCCI) engine. But there are some
limitations: an additional parameter would increase the mem-
ory requirements and RIF approach needs huge computation
costs. Another receivable and simple approach is characteriz-
ing the pressure dependence of thermo-chemistry quantities
using logarithmic expansion. This approach avoids the
expensive pressure coordinate tabulation and is easily to be
implemented. It has also been coupled successfully with thesimulations of Hyshot II scramjet engine14 and internal com-
bustion engines.29 In addition, some researchers consider the
compressibility effects by solving total energy equation, in
which the temperature is provided by internal energy rather
than thermo-chemistry table. This method has the advan-
tages of capturing shock waves in supersonic flows and is
easy to couple with the tabulated thermo-chemistry
approach.12–14
The interaction between turbulence and combustion could
be introduced into the thermo-chemistry tabulation by pre-
sumed PDF,30 which could reduce the prediction cost
compared to the conditional moment closure (CMC) model31
and the transported probability density function (TPDF).32
The presumed PDFs of the parameters such as mixture
fraction and reaction progress variable are needed in the
FPV-based model. Generally, a b-distribution for mixture
fraction could achieve good results,33 but the shape of the
presumed PDF for the reaction progress variable is obscured.
A d distribution is usually used for the supersonic combustion
prediction.8 However, d distribution may not be suitable, when
strong non-equilibrium local flame extinction and re-ignition
exist. The more accurate methods which involve second
moment information in the presumed PDF of the reaction
progress variable, such as b distribution and statistically
most-likely distribution (SMLD),19–22 are important to accu-
rately predict the local flame extinction and re-ignition
events.
The main objective of this paper is to perform LES to
investigate turbulent combustion in a scramjet at German
Aerospace Center (DLR)34 using tabulated thermo-chemistry
approach in combination with presumed PDF. The pressure
rescaling method for reaction rate of the progress variable is
used to take into account the effect of compressibility. A b
function is used to model the distribution of the mixture frac-
tion, while two different distribution functions, d-function
(Model I) and b-function (Model II), are applied to modeling
the distribution of reaction progress. The adaptive mesh refine-
ment (AMR) technique is applied to the present simulation,
and the simulation results are compared with experimental
data. The outline presents as follows: Section 2 describes the
combustion modeling of supersonic combustion. The geometry
model and computational setup are presented in Section 3.
Section 4 shows and discusses the numerical results for the
computation of the supersonic flow without and with hydro-
gen combustion in the DLR scramjet engine. The paper is
finished with some concluding remarks in Section 5.2. Combustion modeling of supersonic combustion
2.1. LES governing equations
Filtering the instantaneous balance equations of mass,
momentum and total energy, the following large-scale equa-
tions can be obtained:
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where superscript ‘‘  ” denotes Favre-filtered parameters,
superscript ‘‘ – ” denotes spatially-filtered parameters. q is
the density and cp the specific heat at constant pressure. The
filtered velocity vector is denoted by ~uj ðj ¼ 1; 2; 3Þ and p the
pressure. The filtered viscous stress tensor sij can be computed
using the filtered strain rate tensor ~Sij. k is the thermal diffusiv-
ity, and l the laminar viscosity. The filtered total energy
~Et ¼ ~eþ ~u2j =2þ ksgs, where ~e is the filtered internal energy,
ksgs is the sub-grid scale kinetic.
All the sub-grid scale terms, denoted with a superscript
‘‘sgs” in the governing Eqs. (1)–(3), are unclosed. The
sub-grid stress ssgsij is closed by the dynamic Smagorinsky
model, while the sub-grid kinetic energy and viscosity are
modeled by ksgs ¼ CID2ð ~Sij ~SijÞ and lt ¼ qCDD2ð ~Sij ~SijÞ
1=2
,
respectively. The model coefficients CI and CD are estimated
by dynamic procedure, and D is the filter width. The turbulent
Prandtl number is set as Prt ¼ 0:9; Perfect gas state equation is
assumed to close the relation between pressure and tempera-
ture, and p ¼ qRð ~YmÞ ~T;Rð ~YmÞ is the mixture gas constant.2.2. Tabulated thermo-chemistry approach
As to the hydrogen/air flame in DLR combustor, the combus-
tion is modeled using tabulated thermo-chemistry approach.
The tabulated approach based on solving the steady non-
premixed flamelet equations is used in this study. Under the
assumptions that the Lewis number (Le) is one and radiation
and other types of heat loss are neglected, the steady laminar
flamelet equations35 can be written as
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where _xm and hm are the reaction rate and the enthalpy of spe-
cies mðm ¼ 1; 2; . . . ;NsÞ and Ns is the total number of species.
The scalar dissipation rate of the mixture fraction is
vZ ¼ 2DZj$Zj2 and DZ is the molecular diffusivity which is
assumed equal for all species. For a one-dimensional laminar
counter flow flames, the scalar dissipation rate could be given
by35
vZ ¼ vZ;st
 exp 2 erf1ð1 2ZstÞ
 2  erf1ð1 2ZÞ 2
 n o ð6Þ
where vZ;st is the scalar dissipation rate on the stoichiometric
mixture fraction Zst; erf
1 the inverse error function. Solve
these flamelet equations under different vZ;st; which covered
from very low vZ;st to the occurrence of quenching. Then all
the thermo-chemical quantities / such as mass fractions of
species, temperature, reaction rates, density and other neces-
sary thermo-chemistry quantities can be tabulated throughtwo parameters: mixture fraction Z and stoichiometric scalar
dissipation vZ;st which is
/ ¼ /ðZ; vZ;stÞ ð7Þ
The solution of the flamelet equations can be displayed by
S-curve. But for certain values of the vZ;st, there are two or
three solutions. Hence the table in Eq. (7) is reconstructed
and parameterized by mixture fraction and progress variable
Yc; which is defined by the mass fraction of major specie water
Yc ¼ YH2O: This method is proposed by Pierce and Moin18 and
has more advantages to predict local extinction and re-ignition
effects. The thermo-chemistry table is now constructed with
mixture fraction and progress variable:
/tab ¼ /tabðZ;YcÞ ð8Þ
where the subscript ‘‘tab” denotes the table constructed by the
tabulated thermo-chemistry approach. In this study, notice
that the thermo-chemistry quantities /tab include mass frac-
tions of species and reaction rates. Moreover, even though
the unity Lewis number assumption is not valid in the case
of hydrogen combustion, here it is assumed that turbulent
diffusion is much higher than the laminar diffusion.
2.3. Presumed PDF model
In the present LESs, Favre-filtered thermo-chemistry quanti-
ties are modeled by the presumed joint PDF to approximate
the sub-grid flame structure,
~/tab ¼
ZZ
/tabðZ;YcÞ ePðZ;YcÞdZdYc ð9Þ
where ePðZ;YcÞ is the Favre-filtered joint PDF. However, it is
very difficult to determine the shape of the ePðZ;YcÞ due to the
dependence between mixture fraction and progress variable.
To address this issue, a normalized progress variable called
reaction progress is defined:
c ¼ Yc=Yeqc ðZÞ ð10Þ
where Yeqc (Z) is the chemistry equilibrium value of Yc. Then,
the reaction progress c could be assumed statistically indepen-
dent of the mixture fraction, leading to,ePðZ; cÞ ¼ ePðZÞ ePðcÞ ð11Þ
where ePðZÞ and ePðcÞ are the Favre-filtered PDF of mixture
fraction and reaction progress, respectively. Generally, a
b-function could be used to model the ePðZÞ,33 parameterized
by eZ and its variance gZ002 : However ePðcÞ is related to the
reaction and becomes more complicated. Two usually used
shapes of PDF, d-function and b-function are applied to
establishing the turbulent thermo-chemistry tables:
Model I : ~/tab ¼ ~/tab eZ;gZ002 ; ~c
  eP cð Þ  d ð12Þ
Model II : ~/tab ¼ ~/tabð eZ;gZ002 ; ~c; fc002Þ ePðcÞ  b ð13Þ
Model I and Model II represent d-function closure model and
b-function closure model, respectively. In addition to filtered
equations for mass, momentum and total energy, transport
equations for four scalars eZ; ~c; fc002 ;gZ002 need to be solved to
describe the thermo-chemistry states. The un-normalized
quantities fYc ;gY002c instead of the quantities ~c; fc002 are solved
Fig. 1 Maximum value of _xYc versus pressure at different values
of the mixture fractions.
Fig. 2 Value of pressure correction coefficient a versus mixture
fraction at different values of pressures.
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equations of ~c and fc002 :
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where D is the diffusion coefficient. The variance of mixture
fraction can be modeled by
gZ002 ¼ CzD2ð$ZÞ2 ð17Þ
where the model coefficient Cz is obtained using dynamic
procedure. The sub-grid scalar stresses are approximated using
an eddy-diffusivity model, which is written as
ssgs~/ ¼ qfDtr~/ ð18Þ
where fDt is the turbulent diffusivity, qfDt ¼ lt=Sct. The
turbulent Schmidt number is set as Sct ¼ 0:7. The sub-grid
scalar dissipation rate of progress variable is expressed with
a linear relaxation hypothesis36:
qv
sgs
~Yc
¼ CvYc Celt
Sct2ClD
2
gY002c ð19Þ
where the constant values CvYc ¼ 2;Ce=Cl ¼ 2 and Sct2 ¼ 0:4
are used. The variance of reaction progress can be expressed as
fc002 ¼ gY002cg
Yeq
2
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The terms _xYc and Y
00
c _xYc are pre-computed and stored in
the thermo-chemistry table. When the resolved variableseZ;gZ002 ; ~c; fc002 are obtained, all the needed thermo-chemistry
quantities can be obtained by looking up the thermo-
chemistry table. It is worthy noting that in the d-function clo-
sure model fc002 ¼ 0 is applied.
2.4. Compressibility effect on reaction rate of progress variable
As mentioned in the introduction, Saghafian et al.14 proposed a
method to rescale the reaction rate of the progress variable by
considering the effects of the pressure to better account for the
compressibility. The reaction rate of Yc is then modified as
_xYc
_xYc;tab
¼ p
ptab
 a
ð21Þ
where _xYc;tab is the tabulated reaction rate by solving the
laminar flamelet Eqs. (4) and (5) at a background pressure
ptab ¼ 1:5 105 Pa. Hydrogen/air reaction mechanism37 which
includes 9-species and 19-step reactions is used. Pressure
correction coefficient a can be obtained by analyzing laminar
flamelet thermo-chemistry tables under a series of pressures.Fig. 1 shows the linear relationships between the maximum
value of _xYc and the pressure in log coordinate system at dif-
ferent values of the mixture fractions. Therefore, fitting for-
mula Eq. (21) is reasonable. Fig. 2 shows the value of
pressure correction coefficient a versus the mixture fraction
at different values of the pressure, and the coefficient could
be set to be about a ¼ 2:2, which is similar to the data in
Ref.14
3. Geometry model and computation setup
3.1. Description of DLR combustor
As a typical strut-based injection system in a supersonic
combustion ramjet, the configuration that similar to the
experimental setup at DLR in Germany has been extensively
studied by many researchers.4,5,8–11,38–40 The side-view sche-
matic of the scramjet combustion chamber is shown in
Fig. 3. The preheated vitiated air inlet of this combustor has
a height of 50 mm and a width of 40 mm. The upper wall of
this combustor has a divergence angle of 3 to compensate
for the boundary-layer growth. The wedge is 32 mm long
and its half-angle is 6. At the center of the base of the wedge,
the hydrogen at sonic condition is injected into a supersonic
preheated air flow with a Mach number Ma ¼ 2 through 15
Fig. 3 Side-view schematic of scramjet combustion chamber.
Table 1 Inflow condition of fuel and air.
Condition Ma p (105Pa) T (K) YO2 YN2 YH2O YH2
Air 2 1 340 0.232 0.736 0.032 0
Fuel 1 1 250 0 0 0 1
1320 C. Cao et al.holes of diameter 1 mm and 2.4 mm apart. For the simulation
presented here, three of the holes have been simulated. Total
length and width of computational zone are 340 mm and
7.2 mm. The flow conditions of the incoming vitiated air
stream and the hydrogen jet are given in Table 1.
3.2. Numerical aspects
The filtered equations are solved using a fully explicit finite
volume discretization, density-based solver41,42 of an open
source CFD, OpenFOAM. The convective fluxes are recon-
structed using a second order (flux limiter-based) total variance
diminishing (TVD) scheme and viscous diffusion fluxes dis-
cretization is implemented using the second order central dif-
ferencing scheme. An explicit modified fourth-order Runge–
Kutta scheme with low storage requirement43 is used to solve
the discretized equations.
Dirichlet boundary conditions are used for air and hydro-
gen inlet respectively. And a non-reflection condition is used
for combustor outlet boundary. Adiabatic no-slip wall bound-
ary conditions are used to walls of the top, bottom and the
strut of the combustor. Periodicity boundary condition is
applied in the span-wise direction. All computations are initial-
ized by the state of the incoming air. The marching time-step is
adjusted according to Courant number to ensure that its value
is under 0.3. Each LES case is running for six flow-times
(L=U1; where L is the axial length of computational zone
and U1 is the velocity of air jet inlet) to ensure the statistical
stationary and taking statistics after about eight flow-time.
With the balance between limited storage and enough
precision, the size of final thermo-chemistry tables is
ð eZ;gZ002 ; ~cÞ ¼ 101 81 101 for the Model I and
ð eZ;gZ002 ; ~c; fc002Þ ¼ 71 51 51 31 for the Model II, respec-
tively. The grid is non-uniform in the direction of eZ and
uniform for the others directions.
3.3. Adaptive mesh refinement(AMR)
In this research, the AMR technique is used to accurately
resolve shock waves and the flame structure. The coarse gridconsists of 3.2 million hexahedra cells, which is refined near
the wall, the shear layer and wake flow region of the combus-
tor. The first grid size at the walls equals 3  105 m. At the
first step, LES on coarse gird runs for 0.003 s (about six flow
time) to ensure statistical stationary. Then the fine grid is
obtained by refining the coarse grid. For the non-reacting case,
the AMR is preformed based on the normalized magnitude of
density gradient jrqj=jrqjmax range from 0.01 to 1. The total
number of fine grid for non-reacting flow is about 5.0 million,
which is not present in this paper. As to the reacting case, since
the density gradient criterion cannot capture all the reaction
region, a union of the normalized magnitude of density gradi-
ent jrqj=jrqjmax ranges from 0.01 to 1 and the magnitude of
temperature T greater than 600 K is set as the refinement
criterion, which is expressed as
Region 2 0:01 < jrqjjrqjmax
< 1
 
[ ðT > 600 KÞ ð22Þ
The total number of the fine gird is about 5.8 million which is
used for the simulation of reacting flow to ensure high
precision solutions.
Fig. 4(a) presents the coarse and fine grid on the central
plane of the combustor for reacting flow. In the fine gird, the
x-direction gird size within the reaction zone ranges from
1.5  105 m to 3  104 m, however, the focus of this study
is the near-field (x< 200 mm) flame structure, in which the
mean gird size is about 8  105 m. The energy spectrum is
used to evaluate the quality of the LES, which have been
used in the studies for the simulation of high speed flow.5,44
Fig. 4(b) shows the spectra of kinetic energy at location
(x= 167 mm, y= 30 mm, z= 0 mm) within reaction zone
for reacting flow. A comparison with the 5/3 law yields that
the simulation is able to predict the characteristic of the inertial
sub-range reasonably. Thus, the smallest resolved scales are in
the inertial range of the turbulent spectrum and the grid is
suitable for performing LES. Based on the above work, it
believes that the fine grid could meet the requirement of LES.
4. Results and discussion
4.1. Analysis of flow structures
The predicted instantaneous and time-averaged density gradi-
ent contours, together with an experiment Schlieren image, are
shown in Fig. 5. Clearly seen that two oblique shocks, denoted
by shock A (upper) and shock B (lower) are generated at the
tip of the wedge and reflected by the upper and lower walls.
At the corners of the wedge, two expansion fans (C, D) are
formed resulting from the low pressure recirculation region
Fig. 4 AMR mesh on central plane of combustor and spectra of kinetic energy
P3
j¼1u
2
j =U
2
1 at location (x= 167 mm, y= 30 mm,
z= 0 mm) within reaction zone for reacting flow.
Fig. 5 Flow structures of non-reacting flow.
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separates at the base and two shear layers are formed and con-
verged to centerline. As the shear layers curve back, compres-
sion waves are generated on each side to balance the flow in the
recirculation region and the surrounding flow that soon turns
into strong shock waves (E, F). Further downstream, when the
shock wave E and the reflection shock of the oblique shock Bcoalesce and then interact with the upper wall, it will result in a
separation bubble near the wall, so does the interaction of
shock wave F and the reflection shock of the oblique shock
A with the lower wall. The separation bubble could result in
a shock wave, expansion fan and a reattachment shock, all
of which are clearly seen in Fig. 5. It should be noticed that
the fine grid in the near wall zone to ensure y+< 1 is of great
help to capture the shock/wall boundary layer interactions
comparing the LES results of Ge´nin and Menon5 where the
interactions are not simulated. The predicted wave patterns
are agreement with experimental image.
Fig. 6(a) shows the predicted and experimental results of
pressure distribution along the lower wall (y= 0 mm) for
non-reacting flow. The static pressure increases initially at
x= 110 mm due to the reflection of the oblique shock B by
the lower wall and then decreases gradually owing to the inter-
action between the expansion fan and the lower wall. Further
downstream, the numerical result shows that a steep pressure
increases in the separation bubble region resulting from the
shock waves reflection on the lower wall, which is a little dif-
ferent from experimental result. However, it should be noted
that these predicted results are in qualitative agreement with
other investigations.5,40 The peak pressure due to the interac-
tion between the reflection shocks and the wake flow in the
central of the combustor (y= 25 mm) is in a good agreement
with experimental data, as shown in Fig. 6(b).
An experiment schlieren image and the predicted instanta-
neous and time-averaged density gradient contours, under sim-
ilar operating conditions by using the combustion Model II are
shown in Fig. 7. As the pressure rise in the wake of flow of the
wedge due to heat release of combustion, there are many fea-
tures which are different from the non-reacting case. Firstly,
the expansion fans, the reflection shocks and the compression
shocks become weaker. It is evident that the expansion fans at
the corners of the wedge span over smaller areas for the react-
ing case. Consequently, the weaker shock/boundary layer
interaction leads to a relatively simple wave structures. Sec-
ondly, it is worth noting that the reflection shocks do not pass
through the wake just as in non-reacting case, but rather
Fig. 6 Predicted time-averaged pressure profile (line) compared with experimental data (symbol) for non-reacting flow. h i represents
time-averaged results.
Fig. 7 Flow structures of reacting flow predicted by Model II.
1322 C. Cao et al.interact with the wake flow and develop into expansion fans
and shocks. Thirdly, expansive shear layers with more wider
and longer unstable wake can be clearly identified in the
instantaneous density gradient contours, which is very
important for the combustion process. The numerical results
are in a good agreement with the experimental observation.
4.2. Flame structure analysis
Three-dimensional flame and flow structures predicted by
Model II are represented by the combination of instantaneousaxial momentum contours on the back plane and the two cross
planes, iso-surfaces of the H2 mass fraction YH2 ¼ 0:9 near the
fuel inlet, iso-surfaces of stoichiometric mixture fraction
Zst ¼ 0:0283 and iso-surface of the temperature T= 1400 K,
as shown in Fig. 8. To investigate the flame features, contours
of instantaneous temperature, production rate of H2O at three
instants 3.61 ms, 3.78 ms, 3.93 ms predicted by combustion
Model II are shown in Fig. 9. The dash lines represent the
iso-line of stoichiometric mixture fraction Zst ¼ 0:0283. The
combustion field can roughly be divided into three regions:
unstable combustion zone (109 mm< x< 130 mm), partially
premixed combustion zone (130 mm< x< 160 mm) and
turbulent diffusion combustion zone (x> 160 mm).
In the unstable combustion zone, one could see the flame
extinction and ignition phenomenon at the shear layers
periodically at different instants. The oscillation of the mixture
fraction dissipation rate may result in the flame’s extinguish-
ing. In the present low equivalence ratio case, it suggests that
along the iso-line of the stoichiometric mixture fraction in
the shear layers, the flame temperature and the production
rate of H2O will decrease due to the higher local strain rate
and scalar dissipation rate. Subsequently, the neighborhood
hot products, which come from partially premixed combustion
zone, ignite the extinguished flame by premixed flame propaga-
tion or engulfment scenario.45
In the partially premixed combustion zone, a central recir-
culation bubble is generated on the central axis location from
x= 130 mm to x= 155 mm. The formation of recirculation
bubble is very important for flame-holding in the present
DLR combustor, as shown in Fig. 10, which is represented
by the time-averaged fields of streamline. It permits to trap
hot products that initiate and anchor the flame. One may
argued that the larger velocity differences due to reaction
and volumetric expansion could decrease the velocity at the
central of chamber where the velocity of the surrounding fluid
is relatively high, consequently leading to the formation of the
bubble. The big velocity difference is another effective and
practical method of flame stabilization, other than the tradi-
tional swirl and bluff body principles, studied by Fu et al.46
In the turbulent diffusion combustion zone, the strong reaction
takes place along the stoichiometric surface.
Fig. 8 Reacting flow (Model II): three-dimensional flame and
flow structures represented by combination of instantaneous axial
momentum contours on back plane and two cross planes, iso-
surfaces of the H2 mass fraction YH2 ¼ 0:9; iso-surfaces of
stoichiometric mixture fraction Zst ¼ 0:0283; iso-surface of tem-
perature T= 1400 K.
Fig. 10 Time-averaged fields of velocity streamline and temper-
ature for reacting flow.
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Fig. 11 shows the time-averaged axial velocity profiles at
x= 120 mm, 167 mm, 199 mm and 275 mm for non-reacting
flow. The symbols represent the experimental results and the
solid lines denote the numerical results. At x= 120 mm, a
‘W’ shape distribution can be observed due to the inner and
outer shear layers in the wake of the recirculation zone.
Further downstream, turbulent dissipation decreases the
gradient of velocity and leads to a more flat axial velocity
profile. As a whole, LES results are in a good agreement with
the experimental data.
Fig. 12 presents the time-averaged fields of temperature in
Model I and Model II, respectively. For both cases, the flames
detach from the wedge and tend to stabilize in the downstream
central recirculation bubble. And by comparison, the flame
in Model I is thicker and longer and has higher mean
temperature.Fig. 9 Instantaneous fields at three instants: 3.61 ms, 3.78 msComparison profiles of time-averaged velocity, RMS axial
velocity and time-averaged temperature at different axial
locations for reacting flow are shown in Fig. 13. The symbols,
dotted lines and solid lines represent the experimental results
and the LES results of Model I and Model II, respectively.
And, from the comparison of time-averaged velocity between
Figs. 11 and 13(a), the reacting case shows stronger reverse
velocity and more flat distribution than non-reacting case, as
the wider and longer recirculation zone at the base of the wedge.
Both models for reacting flow at x= 120 mm give similar
results that over-predict the turbulent intensity levels at hydro-
gen inlet in the center of the chamber shown as the RMS axial
velocity profiles in Fig. 13(b). The time-averaged temperature
profiles are shown in Fig. 13(c). From the point of experimen-
tal data, there is a stabilized flame anchored on the each side of
wedge. What’s more, LES under-predict the time-averaged
temperature and shows a flame slightly lift off the wedge.
Based on the instantaneous flame structure analysis above, it
is believed that the flame within the shear layer is unstable
and behaves extinction and ignition periodically.
At x= 167 mm, located just downstream of the central
recirculation bubble where large-scale coherent structure
enhances the mixing of reactants, a mass of hot products is
produced by strong chemical reactions leading to the higher
mean temperature. Further downstream, as the reactants con-
sumption, the peak temperature decreases to about 1500 K at
x= 275 mm. Model I shows higher mean peak temperatureand 3.93 ms (the dash line is the iso-line of Zst ¼ 0:0283).
Fig. 11 Time-averaged axial velocity at different stream-wise locations for non-reacting flow.
Fig. 12 Time-averaged fields of temperature contours on center-
plane (the solid line represents iso-line of T= 1400 K).
Fig. 13 Predicted results compared with experimental data for
non-reacting flow.
1324 C. Cao et al.and wider mean reaction zone. Nevertheless, the results
obtained fromModel II are in closer agreement with the exper-
imental data, although there is a slight over-prediction the
mean axial velocity at x= 167 mm, which is narrower than
the measured shape.
This suggests that the Model II with the consideration of
the sub-grid scale (SGS) variance of progress variable could
represent the complex thermo-chemistry states and is more
suitable for supersonic turbulent combustion. The Model I
with the d-function closure for reaction progress, which means
that effects of sub-grid variance of reaction progress are not
considered on combustion process, leads to an over-
prediction mean temperature. This finding is similar to that
in low speed flow.19 Ignoring the effects of c002 implies that a
computational cell in flame region is occupied by a single flame
state. However, there exists strong interaction between turbu-
lent and chemistry in the supersonic turbulent that might not
be resolved in the LES grid scale and should be properly
modeled.
Large eddy simulation of hydrogen/air scramjet combustion using tabulated thermo-chemistry approach 13254.4. Mixture fraction conditional results
Because scatter points can show the instantaneous results in a
more obvious and direct way, Fig. 14 shows the scatter points
of reaction rate _xYc predicted by Models I and II versus
mixture fraction at different cross sections location at
x= 125 mm, x= 150 mm, x= 180 mm. Each figure is a sub-
set of about 8000 scatter points. By comparison, two models
give similar results at x= 125 mm and tend to show some dis-
crepancy along down-stream. It can be clearly indicated that
the chemistry reaction predicted by Model I is much stronger
than the Model II at x= 150 mm and 180 mm, which can just
explain that the Model I under-predicts local extinction andFig. 14 Scatter points of Favre-filtered reaction rate _xYc
Fig. 15 Mixture conditional-mean results at dover-predict re-ignition. Moreover, as the reaction rate _xYc is
equal to the production rate of H2O, it is believed that the
Model I without consideration of sub-grid variance of progress
variable increases the production rate of H2O.
Fig. 15 describes the mixture conditional-time-averaged
profiles of temperature, mass fractions of H2O and OH
predicted by two models, respectively. The comparison results
find that the conditional mean temperature and mass fraction
of H2O and OH of the Model I exceed the Model II, and wit-
nesses a growing discrepancy along the downstream, due to the
stronger chemistry reaction in Model I. The first profile shows
that the two models have a D-value of 750 K approximately at
x= 180 mm.as function of mixture fraction at different locations.
ifferent stream-wise locations (DZ ¼ 0:02).
1326 C. Cao et al.Additionally, it shows that the reaction zone offsets to the
stoichiometric mixture side along the downstream. From the
results of Figs. 14 and 15, one could suggest that fuel-rich par-
tially premixed flame is formed at x= 150 mm and turbulent
diffusion combustion exists at x= 180 mm, where chemical
reaction mostly takes place nearby the stoichiometric mixture
fraction.5. Conclusions
LESs are performed to investigate the supersonic combustion
in the scramjet of the DLR. Turbulent combustion is modeled
by using the tabulated thermo-chemistry approach in combi-
nation with the presumed PDF to evaluate Favre-averaged
thermo-chemical quantities. Temperature is obtained by solv-
ing filtered energy transport equation and the reaction rate
of the progress variable is rescaled by pressure to take account
of the compressibility effect. The distribution of the mixture
fraction is modeled by a b-function. And two different PDFs,
d-function (Model I) and b-function (Model II) are applied to
reaction progress variable. The AMR technique is used in the
present simulation. By analyzing and comparing the results
with experimental data, the following conclusions can be
obtained:
(1) The present numerical method and the AMR technique
can properly predict the complex flow structures such as
shock/boundary layer interactions, turbulent mixing and
flame anchoring.
(2) The effects of compressibility can be considered by
rescaling the reaction rate of the progress variable in
the thermo-chemistry table by pressure. After analyzing
the reaction rates under different pressures, we set the
rescaling pressure coefficient to 2.2 in the present
combustor.
(3) Statistical quantities, i.e., temperature and velocity, pre-
dicted by the Model II are much closer to experimental
data. The difference between Model I and Model II can
be clearly seen in the mixture fraction conditional results
of temperature, mass fraction of H2O and OH. It is
believed that consideration of second-moment informa-
tion in the presumed PDF of the reaction progress in
Mode II is important for the accurate prediction of local
flame extinction and re-ignition in supersonic
combustion.
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